ABSTRACT: Global warming threatens to increase the spread and prevalence of mosquito-transmitted diseases. Certain pathogens may be carried by migratory birds and transmitted to local mosquito populations. Mosquitoes were collected in the northern Philippines during bird migration seasons to detect avian malaria parasites as well as for the identification of potential vector species and the estimation of infections among local mosquito populations. We used the nested PCR to detect the avian malaria species. Culex vishnui (47.6%) was the most abundant species collected and Cx. tritaeniorhynchus (13.8%) was the second most abundant. Avian Plasmodium parasites were found in eight mosquito species, for which the infection rates were between 0.5% and 6.2%. The six Plasmodium genetic lineages found in this study included P. juxtanucleare -GALLUS02, Tacy7 (Donana04), CXBIT01, Plasmodium species LIN2 New Zealand, and two unclassified lineages. 
INTRODUCTION
Global warming threatens to increase the spread and prevalence of vector-borne infectious diseases, especially mosquito-transmitted diseases (Khasnis and Nettleman 2005) . Infectious pathogens are introduced to new areas through various mechanisms, and migrating birds are suggested to be an important biological agent for disease introduction and expansion (Jourdain et al. 2007 ). The role of migrating infectious birds in repeated introductions and expansions of infectious disease is suggested for not only human diseases, such as Japanese encephalitis virus (JEV) (Nabeshima et al. 2009 ), but also animal diseases including avian malaria (Valkiunas et al. 2006) . For these diseases, mosquito-borne pathogens may be carried by their bird hosts and transmitted to the local mosquito vector; thus, the introduction of mosquito-borne disease may be detected by examining mosquito samples collected from the field.
Avian blood parasites include representatives of Plasmodium, Haemoproteus, and Leucocytozoon genera (SilvaIturriza et al. 2012) . Among them, only Plasmodium parasites are vectored by the mosquito species including Culex, Aedes, Culiseta, Anopheles, Mansonia, and Aedeomia spp. Molecular studies of Plasmodium lineages in the Australo-Papuan region demonstrate that several lineages of Plasmodium infect multiple host families, implying extensive host switching between different host families (Beadell et al. 2004 ). This phenomenon demonstrates that avian Plasmodium is a good subject for studying the pathways of vector-borne diseases through avian migrating birds.
Studies on avian haemosporidian parasites, including Plasmodium, have been conducted using a 471 bp segement of the avian haemosporidian cytochrome b gene (SilvaIturriza et al. 2012) . Plasmodium Lineages have been found in these Philippine host species: Sitta frontalis (Sittidae), Penelopides panini (Bucerotidae), Lanius cristatus (Laniidae), Rhipidura cyaniceps (Muscicapidae), Copsychus luzoniensis (Turdidae), Hypsipetes philippinus (Pycnonotidae), Accipiter soloensis (Accipitridae), Halcyon lindsayi (Alcedinidae), and Penelopides panini (Bucerotidae). However, there is no available data on Plasmodium species in mosquito vector species. The Philippines are located on two migration routes used by many bird species: the West Pacific flyway and the East Asian-Australian flyway, with some new island records or new species documented in recent papers (Allen et al. 2006 , Oliveros et al. 2008 , Braile and Winker 2013 . Therefore, these islands provide good study sites to clarify the ecological role of migrating birds in the introduction and expansion of mosquito-borne diseases of humans as well as animals (Allen et al. 2006 , Oliveros et al. 2008 . Therefore, our objective was to study the presence of avian Plasmodium parasites in mosquito species using molecular methods and to estimate Plasmodium prevalence among populations in Tarlac, Philippines.
MATERIALS AND METHODS

Mosquito collection, identification, and extraction
Mosquitoes were collected on two successive nights in December, 2012 and in April and November, 2013 in Tarlac in the Philippines, using ten suction traps enhanced with 1 kg of dry ice at pig-rearing houses, pig farms, or fish ponds. Additional sweep net collections of resting mosquitoes were also performed. All the mosquitoes collected were stored and killed on dry ice in the field. This study cannot confirm a symbiotic association between parasite and vector and may overestimate the number of true vector species and the true infection rates. Species identifications using morphological keys were performed in the laboratory. The mosquitoes were pooled by species, sex, location, and collection date in groups of 1-50 mosquitoes and stored at -20º C. The mosquito pools were homogenized in a TissueLyser (Qiagen GmbH, Hilden, Germany) with two cycles at 4º C for 90 s at a frequency of 30 Hz after adding a 3 mm steel ball to each tube. The pools were clarified by centrifugation. The supernatants were then sterilized by filtration and removed for further pathogen detection.
Avian Plasmodium detection in mosquitoes
Plasmodium DNA was extracted from the mosquito extracts using the QIAamp DNA Mini Kit for genomic DNA (Qiagen Gmbh, Hilden, Germany) according to the manufacturer's instructions. The concentration of the extracted DNA per mosquito pool was measured by a Nanodrop spectrophotometer (Thermo Fisher Scientific, MA, U.S.A.) and was adjusted to 25-50 ng/µl to optimize the amount used for further PCR analyses. The two-step nested PCR protocol was performed as described in the paper of Kim and Tsuda (Kim and Tsuda 2010) . In the first PCR, the Fast-RunTM Taq Master Mix with Dye (Protech Technology, Taipei, Taiwan) was used with the primer sequences HAEMNF (5'-CATATATTAAGAGAATTATGGAG-3') and HAEMNR (5'-AGAGGTGTAGCATATCTATCTAC-3'). In the second PCR, the primer sequences used were HAEMF (5'-ATGGTGCTTTCGATATATGCATG-3') and HAEMR (5'-GCATTATCTGGATGTGATAATGGT-3'). We downloaded the Plasmodium cytochrome b sequences from GenBank to perform the phylogenetic analysis; these sequences included Plasmodium sp. In a previous study we surveyed avian malaria in Yilan county in Taiwan and sequenced the avian malaria samples (unpublished data). The Plasmodium sequences of Taiwan isolates used for analysis were collected as part of a different study but sequenced during this study and were also submitted to GenBank and given accession numbers, namely, Plasmodium juxtanucleare Taiwan [GenBank: KP326567], and Plasmodium sp. Tacy7 Taiwan [GenBank: KP326568]. After direct sequencing, the sequence alignment was performed using MEGA version 6 (Tamura et al. 2013 ). The genetic distance was calculated using the Kimura 2-parameter distance algorithm with 1,000 bootstrap replicates. We used neighbor-joining and maximum parsimony methods to generate the phylogenetic trees.
Statistical analysis
Statistical analyses were performed with STATISTICA 10 software. The Chi-square test by a 2 x 2 table was used to detect the difference in parasite infection between collections. Plasmodium prevalence in mosquito populations was estimated by using Pooled-InfRate software version 4.0 (www.cdc.gov/ncidod/dvbid/westnile/software. html).
RESULTS
A total of 4,191 females and 30 males of 18 mosquito species were collected (Table 1 ). The predominant mosquito species was Culex vishnui Theobald, which constituted 47.6% of the total collection. Culex tritaeniorhynchus Giles (13.8%) was second, followed by Ar. subalbatus Coquillett (9.0%), Cx. The presence of avian Plasmodium parasites was detected by nested PCR, and positive pools were found for eight mosquito species ( In the phylogenetic analysis, a neighbor-joining phylogenetic tree was constructed from the amplified sequences, and the sequences were downloaded from GenBank, with 22 of 24 sequences in four groups belonging to the genus Plasmodium and the bootstrap value providing strong support. Group A contained five lineages isolated from Culex species and two were from Ma. uniformis (Figure 1 ). There were two sequences from Japan and Taiwan within Group A. Group B was a small group, containing a lineage isolated from Cx. vishnui and the avian malaria CXBIT01 from Japan. In our study, most avian malaria from mosquitoes fell within Group C, along with most of the Cx. vishnui lineages, another two lineages from Cx. quinquefasciatus and An. barbumbrosus, the sequences of which were most similar to those of P. juxtancleare. Avian malaria sequences which isolated from the Phillippines download from GenBank were in Group D and Group F. Group E held one lineage isolated from Cq. crassipes and was relatively closely affiliated with lineages LIN2, pAAT2, and MD-2011 from New Zealand, Spain, and Papua New Guinea, respectively.
Another phylogenetic tree was constructed by the maximum parsimony method to confirm the above result. The tree topology produced by this method was similar to that of the neighbor-joining tree, and these sequences were also from four major groups (Figure 2 ). In the maximum parsimony tree, the lineages in Group A were all identical with those in Group A of the neighbor-joining tree. The three lineages in Group B were those of Plasmodium species from Cx. vishnui and Cx. sitiens, as well as CXBIT01 from Japan, with a bootstrap support value of 74. Most of the avian malaria lineages fell within group C. These lineages were closely related to P. juxtanucleare and were isolated from Table 2 . Detection of avian Plasmodium parasite DNA from female mosquitoes collected during 2012-2013 in Tarlac in the Philippines. *Infection rate is in units of 100 mosquitoes and determined by a maximum-likelihood estimate using the Pooled-InfRate software. December 2015
Cx. vishnui, Cx. quinquefasciatus, and An. barbumbrosus, respectively. Group D and Group F contained the sequences isolated from the Philippines with similar tree topology as in Group D and Group F of the neighbor-joining tree. Group E contained four lineages that were the same as those in Group E of the neighbor-joining tree; a Plasmodium sp. from Cq. crassipes was grouped with three other lineages from New Zealand, Spain, and Papua New Guinea.
DISCUSSION
Culex vishnui (47.6%), Cx. tritaeniorhynchus (13.8%), and Ar. subalbatus (9.0%) were the most abundant species collected. Anopheles barbumbrosus, Cx. vishnui, Cx. fuscocephala, Cx. quinquefasciatus, Cx. sitiens, Cq. crassipes, and Ma. uniformis were the potential vectors of avian Plasmodium in Tarlac in the Philippines, with infection rates of 0.5-6.2%. The two major genetic lineages, P. juxtanucleare and Tacy7, and two unclassified lineages were identified, which is the first report regarding the molecular detection and the characterization of avian Plasmodium lineages from mosquitoes in the Philippines.
We killed and kept the mosquitoes on dry ice in the field. Thus, the parasites may have preexisted in the blood of the hosts. We may therefore overestimate the MIR and/ or the number of potential mosquito vector species. Among the potential vectors, Cq. crassipes, Cx. quinquefasciatus, Cx. vishnui, Cx. fuscocephala, Cx. sitiens, and Ma. uniformis have been identified as vectors of avian Plasmodium in other countries (Valkiunas 2005) . The avian Plasmodium prevalence (0.5-6.2%=5-62 per 1,000 mosquitoes) in these potential vectors observed in the Philippines was similar to that in a previous study conducted in Kanagawa, Japan (5-51 per 1,000 mosquitoes) (Ejiri et al. 2009 ) but slightly higher than those in the previous studies conducted on Minamidaito Island, Okinawa, and Tokyo (1.1-29 per thousand mosquitoes) (Ejiri et al. 2008 , Kim et al. 2009 ). Regarding seasonality, no positive pools were detected in December, 2012, perhaps because of variation in the collection sites; we collected samples only from villages with small hogs during this visit. We used different algorithms to construct two unrooted phylogenetic trees. These trees had very similar tree topologies and major clades with strong bootstrap support, indicating reliable results. The use of different methods to reduce the potential for violating the algorithm assumptions of each particular method may generate an erroneous phylogenetic tree. However, only one difference was observed in the topology of the two trees, with the presence of an additional Group B species clearly supported in the maximum parsimony tree (Plasmodium sp. from Cx. vishnui in the group). This lineage also occurred within Group B of the neighbor-joining tree, but the bootstrap value supported its presence very poorly. This tiny difference may suggest that this sequence conforms better to the assumptions of the maximum parsimony algorithm than to those of the neighbor-joining algorithm, thus obtaining the bootstrap value support.
Distributions of Plasmodium parasites in a region reveal evidence of coevolution, host switching through mosquito vectors, extinction, and repeated recolonization (Fallon et al. 2005 , Levin et al. 2013 . The avian Plasmodium lineages found in this study included a widely distributed lineage (P. juxtanucleare) and lineages distributed in neighboring Japan (Tacy7, CXINA01, CXBIT01). The results supported the importance of migrating birds for the introduction of novel pathogens from overseas. In our phylogenetic analysis, one Plasmodium sp. lineage from Cq. crassipes was grouped with LIN2, pAAT2, and MD-2011, three other Plasmodium lineages that have been found in New Zealand, Spain, and Papua New Guinea, respectively. Another Plasmodium lineage from Cx. sitiens was grouped with the following lineages: Donana09 from Spain and CXINA01 from Japan, although with poor bootstrap value support. This result represents the first identification of this genetic lineage in the Philippines.
We conclude that the potential mosquito vectors for avian Plasmodium parasites in the Philippines were An. barbumbrosus, Cq. crassipes, Cx. fuscocephala, Cx. quinquefasciatus, Cx. sitiens, Cx. vishnui, and Ma. uniformis with the 0.5-6.2% infection rates. Additionally, two major genetic lineages, P. juxtanucleare and Tacy7, and two unclassified lineages were identified. This is the first report of the molecular detection and the characterization of avian Plasmodium lineages from mosquitoes in the Philippines. . Maximum parsimony phylogeny also based on cytochrome b sequence data, with the numbers in the branches indicating bootstrap values from 1,000 replicates. All the lineages are indicated by mosquito species names, or sequences downloaded from GenBank, with the avian malaria species name and the countries of origin for these sequences.
